The attachment of tendon to bone, one of the greatest interfacial material mismatches in nature, presents an anomaly from the perspective of interfacial engineering. Deleterious stress concentrations arising at bi-material interfaces can be reduced in engineering practice by smooth interpolation of composition, microstructure, and mechanical properties. However, following normal development, the rotator cuff tendon-to-bone ''insertion site'' presents an interfacial zone that is more compliant than either tendon or bone. This compliant zone is not regenerated following healing, and its absence may account for the poor outcomes observed following both natural and post-surgical healing of insertion sites such as those at the rotator cuff of the shoulder. Here, we present results of numerical simulations which provide a rationale for such a seemingly illogical yet effective interfacial system. Through numerical optimization of a mathematical model of an insertion site, we show that stress concentrations can be reduced by a biomimetic grading of material properties. Our results suggest a new approach to functional grading for minimization of stress concentrations at interfaces.
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Introduction
Connecting dissimilar materials is a fundamental challenge because of stress concentrations that can arise at their interface (Williams, 1952) . Interfacial stress concentrations can contribute to material failures at levels of mechanical loads that are too small to cause failure in either material individually (Hutchinson and Suo, 1992) . ''Functionally graded'' material systems that interpolate spatially between properties of two materials are often considered to reduce stress concentrations in engineering and medical applications, ranging from semiconductor thin films to prosthetic joints and limbs (Birman and Byrd, 2007; Suresh and Mortensen, 1998; Tersoff and LeGoues, 1994) .
In nature, a graded material exists between the unmineralized (''soft'') and mineralized (''hard'') tissues Stouffer et al., 1985) , for example, at the shoulder's rotator cuff tendon-to-bone attachment (Fig. 1) . Here, tendon attaches to bone through a fibrocartilaginous transition zone (''insertion site'') that presents a continuous spatial grading in mineralization and organization of the underlying collagen fibers (Wopenka et al., 2008) . Although data and models are sparse, current data suggest that this attachment mechanism might exist in other tensile connections such as ligaments (Moffat et al., 2008) and menisci (Villegas et al., 2007) , but not in compressive osteochondral connections (Ferguson et al., 2003) . Whereas engineering practice would be to interpolate between the mechanical properties of tendon and bone, recent experimental evidence indicates that grading at the rotator cuff insertion site produces a soft tissue region that is more compliant than either tendon or bone .
The interface between tendon and bone develops following birth, and matures only after weight-bearing and increased muscle loading Thomopoulos et al., 2007 Thomopoulos et al., , 2010 . In contrast to the developmental process, a functionally graded transition is not regenerated at the healing tendon-to-bone insertion. Rather, scar tissue fills the repair site, resulting in an abrupt interface that lacks a compliant band between the tendon and the bone . Surgical repair of tendon-tobone attachment at the rotator cuff is therefore prone to re-injury, with failure rates up to 94% for rotator cuff reattachment (Galatz et al., 2004) . Understanding the counterintuitive biophysics of the natural attachment (i.e., a compliant zone at the interface between the disparate materials) is important for medical practice and for biomimetic design.
The hypothesis that the grading found at the insertion site reduces stress concentrations has been suggested (Benjamin et al., 2002; Thomopoulos et al., 2006) , but evidence that this unusual attachment scheme actually reduces stresses has not been reported. Here, we show through numerical optimization of a mathematical model of a rotator cuff insertion site that a qualitatively biomimetic material grading can reduce or even eliminate stress concentrations in a model of the rotator cuff insertion site. Fields in the vicinity of an interface are shown to depend strongly upon the local material grading. Taken in the context of hierarchical structural adaptation to mitigate stress concentrations in biological systems, results have implications for the design of engineering interfaces, surgical techniques, and surgical grafts that guide tissue development following insertion site repair.
Mathematical model and optimization methods
The effects of material stiffness grading on the stress field at the attachment of tendon to bone were assessed by studying an idealization of the rotator cuff insertion site (Fig. 1 ). The mathematical model involved axisymmetric linear elasticity (Fig. 2) , and in all cases studied involved an isotropic bone core within a cylindrically orthotropic tendon. This is a reasonable first-order approximation of physiologic loading in the rotator cuff tendons, as evidenced by the anatomy of the rotator cuff viewed in the sagittal plane (Fig. 1) . Note that while the humeral head contains insertion sites for several tendons, these insertion sites do overlap to a degree (Fig. 1) . Symmetry arguments suggest that this axisymmetric model is most accurate at the midplane passing through the supraspinatus. The efficacy of a graded insertion was assessed by comparing the results of optimizations to several comparison cases. In each instance, a different interfacial system was chosen to connect an orthotropic tendon to an isotropic bone, and a stress analysis was performed. The methods for the stress analysis are presented below, followed by detailed methods for the optimizations and comparison cases.
Stress analysis
The stress field within the model was obtained by assuming all out-of-plane stresses to be zero, as is reasonable for a two-dimensional idealization of tendon, and by assuming all deformations to be small (Matyas et al., 1995) . The assumptions of isotropy in bone and orthotropy in tendon are well justified based upon experiment (Fung, 1993) . A linear approximation was used for material properties, which is acceptable for the mineralized and partially mineralized tissues near the bone where peak stress concentrations are likely to arise ; at all other points, the moduli must be understood as incremental tangent moduli for a specific loading level (Prager, 1969) . The insertion site and tendon were modeled using M concentric and perfectly bonded bands of cylindrically orthotropic material, with the outer radius of the mth band denoted by R m . The in-plane mechanical properties of the mth band were described by three constants: the elastic moduli in the radial and tangential directions, E 
r . The radial and tangential stresses in the mth orthotropic band due to radial compressive stresses q m and q mÀ1 applied at the outer and inner interfaces of the mth band, respectively, are (Lekhnitskii, 1968) : 
where r M = Àp is the inward radial stress applied to the outermost boundary of the band of tendon, and
Note that Lekhnitskii (1968) published a related solution for the displacement field in a pressurized, cylindrically orthotropic, layered pipe. However, the Lekhnitskii solution can be shown to be incorrect by reduction to the isotropic solution.
In analyses for which gradients of material properties were studied and optimizations were performed, the domain between tendon and bone was divided into M À 1 = 500 bands. five hundred bands were sufficient to ensure convergence for all conditions tested. In all analyses, the two constants describing the mechanical properties of the bone were E bone = 20 GPa and m bone = 0.3, and the three constants describing those of tendon were E r = 450 MPa, E h = 45 MPa, and m rh = 3 (Lynch et al., 2003; Stabile et al., 2004) . While these latter values are for ligaments rather than tendons, they represent the best data available, and, despite morphological and compositional variations unique to the rotator cuff (Blevins et al., 1997) , the mechanical properties of rotator cuff tendons are of the same order as those of other tendons and ligaments of the body.
Dimensions (Fig. 2 ) were chosen to represent the rotator cuff of the humeral head. The size of the outer band of tendon was chosen to ensure that stress gradients at the outer boundary were sufficiently small to discount effects of the outer boundary on the stress distribution within the insertion.
Comparison cases
To assess the efficacy of material grading, five hypothetical comparison cases were studied. The first four involved no optimization of material properties. The first was a case in which tendon connected to the bone without an interfacial zone, so that the white region in Fig. 2 assumed the mechanical properties of tendon. The second case was a fully mineralized insertion site, in which the white region in Fig. 2 assumed mechanical properties of bone; note that this case differs from case 1 because of the length scale in the model associated with the size of the insertion site.
The third case was the intuitive engineering approach to reducing a stress concentration, which involves functional grading that interpolates between tendon and bone. The data of Moffat et al. (2008) suggest that this might be relevant physiologically for a ligament to bone insertion site loaded in compression. To assess the efficacy of this approach, material properties E ðmÞ r and E ðmÞ h were interpolated linearly with respect to r between those of tendon and bone. Poisson's ratio m rh was fixed at 0.3 throughout the insertion as the simplest approach to satisfying for all E r and E h the thermodynamic constraint jm rh j 6
ffiffiffiffiffiffiffiffiffiffiffi ffi E r =E h p ; in the tendon m rh was equal to 3.
The fourth case involved a sigmoidal interpolation of E ðmÞ r and E ðmÞ h between the values in tendon and those in bone, again with Poisson's ratio m rh fixed at 0.3 throughout the insertion. The objective of these was to determine whether a smooth, monotonic, non-optimized interpolation could improve upon the above comparison cases. The sigmoidal function chosen was a weighted logistic function centered at the midpoint of the insertion:
in which
. An analogous interpolation was used for E r .
The final comparison case involved optimization of a model in which the insertion site was assigned mechanical properties that were spatially uniform. The efficacy of a discrete tissue interface of this character is relevant physiologically, reflecting a different model of the insertion site as being comprised of four distinct zones (Benjamin et al., 2002 ). In the model considered here, the insertion site (white region, Fig. 2 ) was assigned spatially uniform orthotropic material properties. Stress concentrations (peak stress within the model, normalized by the magnitude of the applied stress) were calculated for values of insertion site moduli E r and E h varying from approximately zero to the elastic modulus of bone. At each value of E r and E h , the Poisson's ratio m rh of the insertion site was optimized using standard gradient methods to minimize the peak radial stress.
Optimizations
A series of optimization trials were performed to evaluate whether a smooth, continuous functional grading within the insertion site could prove more effective than these comparison cases. E r (r), E h (r), and m rh (r) were allowed to vary independently within the insertion site, subject at each radial position to the thermodynamic constraints described below and to the physiologic constraint that neither E r (r) nor E h (r) could exceed E bone . These distributions were optimized to reduce peak radial stress, peak strain energy density, peak hydrostatic stress, or peak radial strain within the model. Spatial variations of insertion site moduli were continuous according to N = 15 degree Bezier interpolation functions, with N + 1 = 16 control points. Moduli at the tendon and bone extremities of the insertion site were matched to those of tendon and bone, respectively, to enforce continuity, resulting in a total of (16 À 2) Â 3 = 42 optimization variables. Bezier interpolation functions were chosen because, by constraining values at control points to remain positive, the constraint that moduli E r (r) and E h (r) be positive at all points could be enforced. Higher degree Bezier functions provided higher flexibility at higher computational cost; lower degree functions had insufficient flexibility; N = 15 provided sufficient flexibility to eliminate stress concentrations at reasonable computational cost.
In each optimization, design variables at these control points were varied to minimize one of several optimization criteria. Standard gradient-based minimization algorithms implemented in the Matlab (Natick, MA) environment were employed (Press et al., 2007) . The gradient-based algorithm stalled frequently in local minima. In such cases, a genetic approach was applied until the local minimum had been exited (Huang et al., 2003) . Minimization using the gradient-based algorithm was then resumed. The genetic optimizations ended either when they improved upon the results of the gradient-based approach by 1% or after 20 generations. While we could not be certain that this criterion provided a global minimum, successive simulations in each case studied converged upon local minima that were similar and independent of starting conditions.
Enforcement of thermodynamic constraints
Three thermodynamic constraints had to be enforced throughout the insertion site. First was the requirement that all moduli E ðmÞ r and E ðmÞ h must be greater than zero. Second, jm rh j 6
ffiffiffiffiffiffiffiffiffiffiffi ffi E r =E h p (Lekhnitskii, 1968) . Third, the volumetric dilatation, DV/V, must be positive for a positive tension, p; satisfying the second constraint will always satisfy this third constraint for a transversely isotropic material with E z = E h . The constraint follows from the constitutive equation:
Since the quantity multiplying p must be greater than zero, noting that À1 6 m hz < 1 and rearranging yields m rh < 1 4
þ Er E h , which is no more severe than the second constraint for any value of E z = E h .
In optimizations involving Bezier interpolation, the first constraint needed application at only the Bezier control points to ensure compliance over the entire interpolated domain. The second constraint was checked at 500 radial positions between the tendon and the bone. While the possibility exists that the second constraint was violated between these positions, this is unlikely to have occurred in any of the final solutions, as these solutions presented variations in moduli that were significant only over length scales much larger than the distance between these positions.
Results

3.1.
A linearly graded insertion site is more effective than a non-mineralized insertion site, but less effective than a fully mineralized insertion site
We first considered the hypothetical comparison case in which the tendon was connected to the bone without an interfacial zone. In this comparison case, the radial stress at the interface between the tendon and bone rose to 1.89 times the applied stress (i.e., a stress concentration factor of 1.89) (dotted red line, Fig. 3) .
1 In the comparison case where the entire insertion site was completely mineralized, the stress concentration factor was equal to 1.43 (dashed green line, Fig. 3) . The third and fourth comparison cases involved the intuitive engineering approach to reducing a stress concentration: functional grading that interpolates between the two materials. A linear grading reduced the stress concentration factor relative to the case of the unmineralized insertion site; however, the peak stress remained higher than in the case of a fully mineralized insertion site (solid blue line, Fig. 3 ). The fourth comparison case, a sigmoidal interpolation between the two materials, yielded a peak stress that varied as a function of the weighting x (Fig. 4) . The peak stress in this case ranged between that associated with a linear spatial grading and that associated with a sharp tendon/bone interface situated at the midpoint of the tendon-to-bone insertion site. For all four of these comparison cases, the maximum radial stress occurred at the interface of the insertion site with the bone.
A discrete, ''banded'' insertion site cannot improve upon a linearly graded interface
We next examined the degree to which stress concentrations are affected by a hypothetical insertion site with spatially uniform mechanical properties. A model of this character could eliminate the stress concentration, but only for cases in which E r was extremely small compared to the elastic modulus of bone (E r <% 10 À5 E bone ), and small compared to E h (Fig. 5 , dark blue band along the vertical axis). The radial stress concentration dropped significantly as E r approached zero, as observed previously for optimized functional grading of an isotropic sheet containing a hole (Huang et al., 2003) .
A biomimetic distribution of mechanical properties minimizes and eliminates the radial stress concentration
A series of optimization trials were then performed to evaluate whether a smooth, continuous functional grading within the insertion site could prove more effective. E r (r), E h (r), and m rh (r) were allowed to vary independently, subject at each radial position to the thermodynamic constraints and to the physiologic constraint that neither E r (r) nor E h (r) could exceed E bone . In the first optimization trial, m rh was kept constant and equal to 0.3 throughout the insertion site, leaving 28 design variables. The design variables were varied to minimize the stress concentration or, equivalently, the peak radial stress: min r max r ðE r ðrÞ; E h ðrÞ; m rh ðrÞÞ=r applied s:t: 0 < E r ðrÞ 6 E bone ; 0 < E h ðrÞ 6 E bone ; m rh ðrÞ ¼ 0:3 6 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi E r ðrÞ=E h ðrÞ p ð6Þ
While we could not be certain that this minimization procedure yielded a global minimum, the results proved instructive. The result of this optimization was a complete transformation of the stress field within the model (Fig. 6 , solid green line) compared to that in the insertion site with no grading or with a linear grading. At all points within the tendon, insertion site, and bone, the radial stress was lower than the applied stress. The normalized radial stress in the bone was slightly below 1, and decreased in the tendon-tobone insertion site to a value of 0.76 close to the tendon interface.
The optimization resulted in a material property distribution qualitatively similar to that observed in the natural insertion site . Most notably, a compliant region in the insertion site existed in which both E r (r) and E h (r) dropped below the corresponding moduli of tendon. The region in which moduli of the insertion site were smaller than corresponding moduli of the tendon extended from a normalized radius r/r bone = 1.2 to the tendon (r/ r bone = 1.5), with the minimum moduli approximately in the center of this region.
In the second optimization trial, m rh (r) was allowed to vary within the insertion site along with E r (r) and E h (r): min r max r ðE r ðrÞ; E h ðrÞ; m rh ðrÞÞ=r applied s:t: 0 < E r ðrÞ 6 E bone ; 0 < E h ðrÞ 6 E bone ;
In this case, the normalized radial stress in bone was further reduced to just 40% of the applied radial stress (Fig. 6 , blue dotted line). While the stress concentration was eliminated in the case of a constant Poisson's ratio within the insertion site, including Poisson's ratio in the optimization procedure resulted in a reduction of the stresses throughout the bone and the insertion site. The moduli distributions needed to achieve such radical reduction in the radial stresses contained a biomimetic compliant band within the insertion site, in which moduli dropped below those of either the tendon or bone (Fig. 7 , blue dotted line). The distribution of E r was similar to that of the case with a constant Poisson's ratio. Compared to this previous case, the minimum value of E h was achieved at a point more distant from the bone than the minimum value of E r , and the descent to this minimum was more m rh was optimized to minimize radial stress concentrations. Above the upper dotted line (upper left), the peak radial stress occurred at the tendon/insertion site interface or within the tendon; for the region below the lower dotted line, the peak stress occurred at the tendon/bone interface; at points in between, the peak stress occurred within the insertion site. . Distribution of normalized radial stress in an insertion site optimized to minimize stress concentration factor. In both cases, the stress concentration was eliminated. Note that the irregular peaks in the blue line could not be controlled: the optimization criterion was not influenced by local peaks.
gradual. Poisson's ratios across the insertion site varied between À0.2 and 0.4, until a rapid rise near the insertion site/tendon interface to the tendon value of 3.
A biomimetic grading also minimizes the peak hydrostatic stress
We next asked what types of grading might reduce both principal stresses simultaneously. We repeated the optimization procedure in Eq. (6), but with the goal of minimizing the peak hydrostatic stress, (r r + r h )/3. Minimization of peak hydrostatic stress also resulted in a compliant zone analogous to Fig. 7 (results not shown) . The resulting hydrostatic stress distribution was fairly uniform across the model, ranging from 0.65 to 0.74 times the applied load; for comparison, the hydrostatic stress in a homogeneous isotropic cylinder, which provides a lower bound, is 2/3 of the applied stress. In the optimum found, both radial and tangential stress concentrations were nearly eliminated: the peak stress concentration factors were 1.1 in the radial direction (bone/insertion site interface), and 1.15 in the tangential direction (tendon/insertion site interface).
Discussion
In the absence of the transitional tissue that forms during development, the radial stress field in an idealized model of tendon-to-bone attachment exhibits elevated stresses at the interface between tendon and bone. This stress concentration can be alleviated both by altering the interfacial material through a linear grading in mechanical properties between tendon and bone, and by altering the structure to increase the radius of the humeral head. The natural tendon to bone insertion site presents a non-monotonic grading in material properties of a character that was shown to be an improvement upon both of these strategies.
A biomimetic grading was not the only strategy for improving upon a linearly graded transition between tendon and bone. A model involving an insertion with spatially uniform mechanical properties could reduce or eliminate the radial stress concentration in tendon-tobone attachment, but only for cases in which E r for the ''insertion site'' was extremely small compared to the elastic modulus of bone (E r <% 10 À5 E bone ), and small compared to E h (Fig. 5 , dark blue band along the vertical axis). The radial stress concentration in this model dropped significantly as E r approached zero, as observed previously for optimized functional grading of an isotropic sheet containing a hole (Huang et al., 2003) . This shielding of a stressconcentrating feature through a stiff circumferential band is analogous to the design of a porthole on a ship (Reissner and Morduchow, 1949) . Note that fair comparison over the contours in Fig. 5 would involve normalization of stresses by the failure stress of tissues with the properties shown. However, this is impossible as we are uncertain whether the partial mineralization needed to obtain material properties within the insertion site strengthens or weakens tissues (Buehler, 2007; Buehler and Ackbarow, 2008) . The biomimetic grading that emerged through optimization of Bezier interpolated material properties completely eliminated the radial stress concentration (Fig. 6) . The results shown are almost certainly a local minimum, as many local minima of this class were found on the way to the solution presented. While the figure shows only the best result we obtained for this particular optimization function, we emphasize that all local minima capable of eliminating the stress concentration exhibited a nominally biomimetic distribution of mechanical moduli, with the minimum radial modulus of the insertion site lower than the radial modulus of either tendon or bone. In each of the local minima for the optimization function, the modulus showed a single global minimum with respect to position analogous to that described in . Note that the spatial distribution in radial modulus reported by yielded a stress concentration higher than the minimum found in our optimizations. Further, the minimum radial modulus in the physiologic insertion site is within an order of magnitude of that of tendon, while those found in our optimizations are lower than this. This highlights the need to interpret the quantitative values emerging from this model problem with caution.
A biomimetic distribution of moduli was found to minimize concentrations in multiaxial stress state as well. The elimination of the radial stress concentration at the insertion site in the above analyses came at the expense of peak tangential stresses in excess of the applied load. The stress distribution found in optimizations aiming to minimize hydrostatic stress was very close to the equibiaxial stress field that arises within a uniform isotropic disc loaded in equibixial tension.
Poisson's ratio had a significant effect on the optimization, as it affected the way in which the insertion site transferred radial stress to tangential stress. For the case of m rh = 0.3 throughout the insertion site, the tangential stress (results not shown) dipped close to zero within the insertion site, but rose to 1.75 times the applied radial stress near the tendon interface. Optimizing m rh allowed an even greater transfer of radial to tangential stress, with the peak tangential stress rising up to five times the applied load (results not shown). This is due in part to the ''bump'' in the radial stress distribution at r/r bone % 1.4; tangential stresses are tied to the radial stress distribution through the equilibrium equations, but neither tangential stresses nor smoothness of the radial stress distribution were considered in the optimizations associated with Fig. 6 .
The biomimetic distribution of moduli was not optimal for all optimization criteria. A complaint zone between tendon and bone was not advantageous in situations where radial strains and strain energy density were treated as objective functions. Minimization of peak radial strain resulted in a grading in which all elastic moduli throughout the insertion site lay between those of tendon and bone (results not shown). Minimization of strain energy density, 1 2 ðr 2 r =E r þ r 2 h =E h À 2m rh r r r h =E r Þ, resulted in a relatively flat distribution of stiffness: the majority of the optimized insertion site had elastic moduli close to that of bone, followed by an abrupt transition to the moduli of tendon. While no criteria exist at present with which to predict injury or mechanical failure within the tendonto-bone insertion site, these results suggest that the grading observed in the rotator cuff of the humeral head might be optimized to reduce peak stresses.
While the study focused on a single anatomic region of an adult human, the results are much more general, both in the context of physiologic and engineering material attachment. When compared to the mechanical properties of bone, mechanical differences amongst tendon type, species, sex, and age are very small, and the results thus have general applicability to structural attachment of ''soft'' and ''hard'' materials.
The results provide guidance for biomimetic attachment of dissimilar materials and for surgical tendon-tobone reattachment procedures. From the perspective of attaching engineering materials, results suggest that stresses associated with interfaces can be reduced by a biomimetic grading of elastic moduli even in cases for where no free boundary exists, for instance in the attachment of a fibrous composite component to a metallic pin (Genin and Hutchinson, 1999) . From the perspective of surgical reattachment of the rotator cuff of the humeral head, results indicate that current surgical procedures, which excise transitional tissue prior to direct suturing of tendon to bone (Burkhart and Lo, 2006) , might introduce higher stress concentrations into the repaired insertion site. Results further indicate that uniform scar tissue developing post-surgery, regardless of its mechanical properties, cannot return stress concentrations to physiologic levels. The physiologic grading of mechanical properties between tendon and bone thus seems a logical target for tissue engineering solutions aiming to improve surgical outcomes.
How might such a strategy be implemented? Our current efforts focus on nanofibrous networks with gradations in mineral content (Li et al., 2009 ) and orientation distribution (Xie et al., 2010) that mimic those of the tendon-tobone insertion site. Such nanofibrous electrospun mats are biocompatible, and can be tailored with cues for directed cell growth (Xie et al., 2011) . Although the mechanics of such structures and their long-term prospects as healing scaffolds have not yet been tested thoroughly, these studies are ongoing. Simple models for fibrous solids based upon Flory-type averaging (e.g., Marquez et al., 2005a Marquez et al., ,b, 2010 and more complicated models based upon statistical sampling of random microstructures (e.g., Gan et al., 2005; point to a wide range of mechanical properties being possible in this system, including the entire range of positive Poisson ratios found in our optimization results. However, challenges certainly lie ahead, as significant changes to stress concentrations can occur at the free boundaries of these specimens due to this anisotropy (e.g., Hutchinson, 1997, 1999) and on the interior due to inhomogeneities associated with cells (e.g., Cairns et al., 1999) . These stresses in turn affect the ways that cells grow and differentiate in these model systems , in conjunction with what appear to be target mechanical environments and target cell concentrations (Marquez et al., , 2010 . Further, model systems exhibit nonlinear viscoelasticity whose character that is an ongoing subject of investigation (e.g. Pryse et al., 2003; Nekouzadeh et al., 2007) .
This work highlights a physiologic strategy for reducing stress concentrations at an interface through macroscopic functional grading. Additional strategies exist over the entire range of spatial hierarchies in healthy biologic material systems (Buehler and Ackbarow, 2008) . At the level of proteins, toughening mechanisms include breaking of hydrogen bonds and cross-links, unfolding of protein structures, and dissipative sliding of molecules (Buehler and Yung, 2009 ). For example, alpha helical protein networks have been shown to be especially efficacious in toughening protein structures (Ackbarow et al., 2009) . At larger length scales within bone, sacrificial bonds of mineral between mineralized collagen fibers have been implicated in toughening (Fantner et al., 2005) , as have the heterogeneous distribution and spatial density of such toughening features (Buehler, 2007; Tai et al., 2007) . At still larger scales, the tendon to bone attachment exhibits interdigitation and gross morphological optimization for alleviating stress concentrations (Liu et al., 2010) . The functional grading studied in this work is a promising biomimetic avenue to alleviating stress concentrations in engineering material systems, but should be understood as only one of a hierarchy of such avenues.
Conclusions
Using optimizations performed on an idealized model of the rotator cuff insertion site, we showed that a compliant tissue interfacial system is effective at reducing stress concentrations between tendon and bone. A band of scar tissue, as produced by current surgical techniques, cannot be as effective in reducing stress concentrations as an optimized, continuous functional grading, analogous to that which develops post-natally in the rotator cuff. Results suggest that recent biophysical characterizations of tissue mechanics at the tendon-to-bone insertion site ) reveal an effective biomimetic strategy for joining dissimilar materials that differs fundamentally from techniques currently employed in engineering and in surgical practice.
